Atherosclerosis is a chronic disease that involves a complex interaction of the artery wall and its cellular elements, lipoproteins, and circulating blood elements. Although hypercholesterolemia is a prerequisite for the initiation of atherogenesis, once initiated, the atherosclerotic lesion takes on many of the characteristics of a chronic inflammatory process (1, 2) . In particular, there is now strong and growing evidence in hypercholesterolemic animal models that the immune system is specifically activated by atherosclerosis-associated antigens and that both innate and adaptive immunity can significantly modulate subsequent lesion development.
Immune recognition of the atherosclerotic plaque T cells, which mediate adaptive immunity, are an early and important component of lesions, and macrophages, which play a key role in both lesion development and in mediating plaque disruption, serve to bridge innate and adaptive immune processes. Immuno-globulins are abundant in the plaque, in part complexed to lesion epitopes, such as "oxidationspecific" epitopes of oxidized LDL (OxLDL). However, B cells themselves are noticeable for their absence, though they have been reported in the adventitia surrounding diseased vessels. Specific humoral, as well as cellular immunity has been demonstrated to a number of antigens in the atherosclerotic lesion, including viral and bacterial antigens, heat-shock proteins, modified arterial wall elements, and especially OxLDL. Indeed, autoantibodies to a variety of oxidation-specific epitopes of OxLDL, such as that modeled by malondialdehydemodified LDL (MDA-LDL), have generally been shown to correlate with the extent of lesion formation in mice and humans (3, 4) .
Evidence that immune responses are important in the natural history of lesion progression comes from many studies now, demonstrating that modulation of specific immune components affects both the rate of atherogenesis as well as the composition of the lesion itself. For example, ApoE -/-and LDLR -/-mice have been crossed into a Rag(1or2) -/-background, generating hypercholesterolemic mice with a deficiency of both T and B cells. If these mice are fed a high fat diet to produce exceptionally high plasma cholesterol levels (> 1,300 mg/dl), after a sufficient period of time (16-22 weeks) , the extent of atherogenesis is not affected (5-7). However, at earlier time points (4-8 weeks), or even at more extended periods of time in the presence of more moderate cholesterol levels (600-800 mg/dl), the combined immunodeficiency does alter the course of atherogenesis, resulting in a 40-80% decreased rate of lesion formation (5, 7, 8) .
These studies teach us that if the atherogenic pressure is exceedingly high, immune function is not obligatory for the initiation or progression of lesion formation, but under conditions of more moderate atherogenic pressure, the immune responses play a proatherogenic role. Indeed, most studies of immune modulation to date have indicated a proatherogenic influence of the immune system on atherogenesis. For example, neutralizing CD40L interactions, either genetically or by infusion of blocking antibodies, reduces lesion formation (9) , as does blocking of the activity of the Th1 cytokine INF-γ (10). This subject has been covered in depth in several recent reviews (4, 11, 12) .
During evolution, an increasing number of genes have been devoted to the expansion of what can be collectively called immune function. Surely, the genetic selection of such a complex system must have some important survival advantage. Atherosclerosis is only manifested beyond the reproductive period, and thus is not likely to exert any evolutionary pressure itself. However, it is now apparent that there are generalized responses to inflammatory components of the atherogenic process that are shared with those seen in infectious and acute and chronic diseases. It is likely that such responses exert selective positive pressure on immune components that could also exercise protective mechanisms with regard to atherogenesis. For example, hyper-immunization of hypercholesterolemic rabbit and murine models with OxLDL epitopes, so as to achieve very high plasma titers of antibodies to OxLDL, ameliorates atherogenesis (12) , as does the intravenous administration of polyspecific IgG isolated from pooled donors (13) .
ApoE -/-mice develop very high titers of IgM autoantibodies to a variety of oxidation-specific neoepitopes on OxLDL (14) . Furthermore, it has recently been demonstrated that IgM monoclonal autoantibodies to OxLDL, cloned from the spleens of such cholesterol-fed ApoE -/-mice, specifically bind to oxidized phospholipid epitopes and block the uptake of OxLDL by macrophage scavenger receptors, a key step in the formation of the atherosclerotic plaque. Presumably, such inhibition of OxLDL uptake serves an anti-atherogenic function, as genetic deletion of scavenger receptors protects against atherogenesis in some genetic backgrounds. These antibodies also bind to apoptotic cells, which display similar oxidized phospholipid epitopes. Interestingly, these antibodies, which are secreted by the spleen, have been shown to be identical to the T15 clonospecific anti-phosphorylcholine (anti-PC) antibodies, which arise without prior immunization and do not require germline recombination to achieve specificity for their target epitopes (15-17). These so-called "natural" antibodies confer optimal protection to mice against lethal infection with encapsulated organisms, such as Streptococcus pneumoniae. Because these germline antibodies are found by day 7 in mice maintained in germ-free environments, it has been postulated that they are actually positively selected for their ability to clear oxidized membranes found on apoptotic cells. Subsequent exposure to microbial PC serves to exert further positive selection pressure. These antibodies are greatly expanded in the cholesterolfed ApoE -/-mice, presumably because of the presence of excess OxLDL (18) . Thus, while much evidence supports a pathogenic role for many immune mediated mechanisms, there is, not surprisingly, also precedent for the observation that some aspects of immunity serve to decrease the progression of atherosclerosis as well.
Physiological roles of the spleen
The spleen plays an important, though not obligatory role, in immune function. In general, patients who have undergone splenectomy do not suffer fundamental defects in immune function, although up to 6% can experience the "overwhelming postsplenectomy infection syndrome," with particular susceptibility to encapsulated organisms such as S. pneumoniae and Hemophilus influenza. The spleen plays a primary role in blood filtration, such as removal and destruction of aged or damaged erythrocytes or other blood cells, as well as in the removal of other particulate components such as immune complexes, bacteria, or colloidial particles. It has generally been thought that a major reason for the susceptibility of splenectomized patients to specific infections is the loss of this ability to clear the plasma of immune complexes and/or certain encapsulated bacteria like S. pneumoniae.
In addition, the spleen plays an important homeostatic role in immune function by trapping and processing antigens, homing, transforming and proliferating lymphocytes, and activating macrophages. This organ is thought to include up to 25% of all memory B cells. It is a major site of antibody production, particularly against antigens that are T cell-independent (TI), such as bacterial capsular polysaccharide, which typifies the rapid immune response to encapsulated bacteria in normal individuals (19) . The spleen is the major site of secretion of natural antibodies generated by a subset of B cells, termed B-1 cells. The rapid initial host response to bacteria and viruses is due in part to the constitutive expression and immediate induction of T15 and other such natural antibodies (20) . Such TI antigens are typically composed of closely spaced repeated epitopes, such as can be found on a haptenated bead containing an epitope expressed at high density (21) . It may be speculated that OxLDL, which contains multiple copies of oxidation-specific neoepitopes on a single 200 Å article, is such an antigen.
Splenectomy accelerates atherogenesis
Given the general immunocompetence of most splenectomy patients, it is therefore of considerable interest and surprise that Caligiuri and colleagues report in this issue of the JCI that splenectomy dramatically accelerates atherosclerosis in ApoE -/-mice fed an atherogenic diet, compared with similar mice subjected to sham operation (22) . Mice were maintained in isolator units, treated with antibiotics, fed sterilized food, and gained weight equal to that of controls. This suggests that infection was not the etiology of the accelerated disease.
A previous report also demonstrated that splenectomy in cholesterolfed rabbits led to enhanced lesion formation compared to sham-operated rabbits. However, in that study, total cholesterol and triglyceride levels were higher, and HDL levels were lower in the splenectomized animals in response to the cholesterol diet, and the enhanced atherosclerosis was attributed to the greater degree of hyperlipidemia (23) . Splenectomy in rats has also been reported to increase plasma cholesterol and triglycerides and to decrease HDL (24) . However, in the present study, feeding a "Western diet" resulted in exceedingly high plasma cholesterol levels (∼1,300 mg/dl) in both splenectomized and sham-operated ApoE -/-mice. Although triglyceride and HDL levels were not reported, in the face of such marked hypercholesterolemia it is unlikely that changes in lipoprotein levels or composition accounted for the aggravation of lesion formation observed. Future studies should address this possibility.
Thrombocytosis is another major problem postsplenectomy in humans and can lead to enhanced thromboembolic disease. Postsurgery platelet levels were not reported for these mice, nor if any long-term increases in morbidity or mortality occurred. Although platelet microparticles have been reported to drive foam-cell formation in vitro (25) , there is as yet no evidence that this occurs in vivo. Changes in lipoprotein composition or platelet levels, or loss of filtration capacity of immune complexes, bacteria or other antigens are all unlikely causes of the accelerated atherogenesis in this study, as the enhanced disease in the splenectomized mice was reported to be fully rescued by the passive transfer of immune splenic cells from ApoE -/-mice.
Transfer of T cells and B cells rescues the atherogenic effect of splenectomy
The authors report that the enhanced atherosclerosis following splenectomy could be abrogated by the passive transfer of splenic cells isolated from ApoE -/-mice and that this rescue was more complete if the cells were obtained from donors that were older and therefore had greater disease. The authors argue that these cells were thus more "educated" and were able to transfer enhanced specific immunocompetence that provided protection from disease.
These observations might appear to present an internal paradox: If the donors already possessed such antiatherogenic (presumably immunoprotective) splenic cells, why did they still exhibit such advanced disease? One possible answer is that such immunological education occurs only after disease exposure, at which time it may be too late to protect the donor animal. In contrast, transfer of immunocompetent donor cells to the splenectomized mice provided protection at a much earlier stage in disease progression, and at a time when such an intervention was still effective. By analogy, as atherogenesis progresses in ApoE -/-(or LDLR -/-) mice, there is a parallel and progressive rise in autoantibodies to epitopes of OxLDL. Even if such antibodies are protective, for example by mediating clearance of modified LDL from plasma, or by inhibiting uptake of OxLDL by macrophages, they may not be of sufficient titer to totally protect against disease progression, although they might alter the rate of progression. However, if one immunizes such mice with OxLDL to achieve titers far higher than those reached in the absence of such immunization and at a much earlier stage of their disease, then immunoprotection does occur (reviewed in refs. 4, 12) .
Other puzzles remain, however. Why should the transfer of naive splenic cells from C57BL/6 mice, which do not have hypercholesterolemia or atherosclerosis, also provide protection to the splenectomized mice? Note that while plasma cholesterol levels were reduced to some extent in these mice, possibly due to apoE production by the transferred cells, they were not substantially lower than in other groups of mice that enjoyed no reduction in atherogenesis. Similarly, it is equally hard to understand why transfer of splenic B-cells to the sham-operated ApoE -/-mice, which should have retained the full atheroprotective properties of the spleen, also conferred additional protection.
Confusion also surrounds the issue of which splenic cell types confer the apparent protection from atherosclerosis. The authors report that transfer of purified splenic T cells (consisting of 60% CD4 + and 40% CD8 + ) isolated from aged ApoE -/-mice provided a full rescue of the adverse impact of splenectomy. This is surprising in that they had previously reported that transfer of CD4 + T cells from atherosclerotic donors accelerated lesion formation in ApoE -/-/SCID mice (26) . Remarkably, transfer of B cells alone also appears to provide a full rescue. Furthermore, the authors report that the B cell transfer actually conveys a net protective effect on atherogenesis in the splenectomized mice -even beyond that seen with the "full rescue" achieved by the whole spleen cell transfer. Because approximately equal numbers of B cells were transferred in the whole cell preparations (43% of 60 million cells) as in the purified B cell transfers (20 million), it follows that the B cell transfer alone was more protective than the whole cell transfer. If this unusual finding holds up on further study, it may be that interactions among the various transferred cell populations affect the efficiency of the rescue. Alternatively, some subpopulation of T cells, possibly the CD4 + cells as noted above, might have an adverse effect on this process. In fact, the authors reported that such a B cell transfer to sham-operated mice was also protective, whereas transfer of T cells was not, and was even marginally adverse. One wonders whether B cells (or T cells) harvested from other organs would confer equal protection. In other experimental models of immune mediated disease, transferred lymphocytes obtained from the spleen or from lymph nodes of the same donor had differential outcomes on the disease process in the recipient (27) .
Possible effects of splenic cells on disease progression
The transfer of splenic cells might affect the progression of atherogenesis through at least two general mechanisms. First, it might lead to the direct homing of immune cells to the lesion, where they might exert direct local effects. Considerable evidence suggests that T cells in the developing atherosclerotic lesion directly affect lesion size and composition through multiple mechanisms (4, 11) . In order to demonstrate engraftment and maturation of the transferred T cells, Caligiuri et al. isolated T cells from mice transgenic for the thymidine kinase (TK) gene under control of the CD4 promoter, which results in TK expression in mature T cells (22) . Analysis of tissue mRNA of mice 4 weeks after transfer of such cells revealed a relative enrichment in lung and thymus, as well as in the spleen of sham-operated mice. Of importance, expression was also detected in lymph nodes and aorta, particularly in splenectomized mice. Thus, some residual engraftment of these T cells remained in immune organs and aorta after 4 weeks, presumably due to antigen exposure. However, it is unknown if this engraftment persisted for the full 12 week period at which time the extent of atherosclerosis was assessed. Moreover, information about the engraftment of the transferred B cells is not yet available. Because few B cells have ever been reported in lesions, such engraftment would presumably occur elsewhere.
A second general mechanism by which such transfer could affect lesion formation is through mediating regulatory functions on other immune cells and particularly by mediating relevant antibody generation. The authors examined the impact of splenectomy and cell transfer on antibody titers to an epitope of OxLDL, MDA-LDL. The absolute titers of autoantibodies in the untouched apoE -/-mice appear low compared to those previously reported (14) , although the methodologies used were different, and it is unclear at what time in relation to the splenectomy or cell transfers that plasma was obtained for the antibody determinations in the present study. Consistent with the fact that the spleen is a significant site of antibody synthesis and a repository of memory B cells, Caligiuri et al. report a reduction in IgG titers to MDA-LDL in splenectomized animals (22) . Transfer of B cells to splenectomized mice produced the greatest rise in IgG titers, while T cell transfers induced no change at all. Interestingly, the rise in anti-MDA-LDL titers was actually lower in the whole cell transfers than in the B cell transfer, possibly suggesting again some regulatory interaction among the transferred cells. Additional studies will be needed to determine the effects on antibody levels following B cell transfer into the sham-operated mice.
With respect to IgM titers to MDA-LDL, it is surprising that splenectomy caused no decrease, whereas B cell transfer produced only a modest increase and T cell transfer had no impact. As noted above, there is an expansion in the spleens of ApoE -/-mice of B-1 cells that secrete T15 clonospecific IgM natural antibodies to OxLDL with the capacity to block the uptake of OxLDL. Such TI antibodies, which bind to oxidized phospholipid epitopes, would not be measured by the use of MDA-LDL as a model antigen. However, it is possible that such antibodies, or others of a similar nature that are specific for other relevant epitopes, could account in part for some of the protective effects observed with splenic immunity.
Concluding thoughts
As so often happens in science, we are presented with a novel and provocative set of observations, without any clear insight into the mechanisms involved. In cholesterol-fed ApoE -/-mice, splenectomy seems to accelerate atherogenesis, implying a protective effect of the spleen. While at first one might have invoked more traditional roles of splenic function in this property, such as antigen or immune complex trapping, or removal of some circulating cellular elements, the fact that transfer of either splenic T or B cells can rescue the adverse consequences fully suggests this is not correct. It is hard to put into standard paradigms how transfer of these elements from young or atherosclerotic ApoE -/-donors could account for the protective effects, especially the reported ability of B cells to exert a net protective benefit even in sham-operated mice, while at the same time not conferring the same benefits to the donors. The fact that both T cells and B cells could each provide a full rescue suggests that the mechanisms involved must be complex. It will be important for these studies to be confirmed in other contexts, including the use of other murine models. Precisely because an understanding of these effects of splenectomy on atherogenesis are unknown and elusive at present, the elucidation of the mechanisms involved will likely be revealing of unexpected ways in which immune function alters the atherogenic process.
These effects of splenic immunity may not only apply to murine models. There are a number of reports documenting a rise in plasma cholesterol and triglyceride levels in patients who undergo splenectomy for various disease entities, such as mylodysplastic disorders (28) . However, in those cases, the plasma lipid levels are frequently depressed prior to splenectomy. In individuals undergoing splenectomy for reasons of trauma, the impact on lipid levels appears to be minimal. In 1977, Robinette and Fraumeni (29) reported a long-term follow-up study of 740 American servicemen who had undergone splenectomy because of trauma during the war years of 1939-1945 and compared them to men with nasopharyngitis matched for age, race, and site of hospital admission (overseas or USA). Cause-specific mortality was determined in over 90% of the men during 1946-1974. The relative risk for dying of ischemic heart disease was increased nearly two-fold, and of 41 deaths, 30 were attributed to acute myocardial infarction and 11 to chronic ischemic heart disease. There was no excess mortality from thromboembolism. Thus, the novel observations described in the paper by Caligiuri and colleagues may have considerable relevance for understanding the role of immunological function in atherogenesis in humans. Further study is warranted.
